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Electrical control of magnetization is of crucial importance for integrated spintronics devices. Spin-
orbit torques (SOT) in heavy-metal/ferromagnetic layers have emerged as promising tool to achieve
efficiently current-induced magnetization reversal. However, the microscopic origin of the SOT is
being debated, with the spin Hall effect (SHE) due to nonlocal spin currents and the spin Rashba-
Edelstein effect (SREE) due to local spin polarization at the interface being the primary candidates.
Here, we investigate the SHE and SREE in pure Pt layers and in Pt/3d metal (Co, Ni, Cu) bilayers
using ab initio electronic structure methods and linear-response theory to compute the layer-resolved
magnitudes of both SHE and SREE. We show that the SREE is not located strictly at the symmetry-
broken interface, but decays ∼ 9 atomic layers deep into the Pt layer. We alike show that the SHE
drops with a similar decay length from the interior of the Pt layer to zero at its surfaces. Solving
a spin diffusion equation we compare the spin accumulations due to SHE and SREE and find that
these enhance each other. The SREE dominates for thin bilayers when the spin diffusion length is
large whereas for thicker bilayers (typically > 2 nm) and short spin diffusion lengths (typically < 3
nm) the SHE gives the main contribution.
Introduction. Electrical control of magnetization has
attracted considerable attention because of its potential
for high-speed spin-based memories with low-power con-
sumption. Following theoretical predictions [1, 2] it was
shown that the magnetization of a ferromagnetic layer in
a multilayer can be switched with a spin-transfer torque
(STT) exerted by a spin-polarized electric current flow-
ing through the magnetic layer in perpendicular direction
[3–7]. STT enabled the development of current-operated
nonvolatile spin-logic devices, such as the STT-Magnetic
Random Access Memory (STT-MRAM) [8]. While STT-
based technology is a step forward, there are still short-
comings, such as unintended switching that can occur as
the write and read currents flow in the same direction [9].
A different concept to electrical magnetization switch-
ing is the more recently discovered spin-orbit torque [10–
13]. The SOT appears in a heavy-metal/ferromagnetic
bilayer where the current flows dominantly through the
heavy metal and parallel to the magnetic layer. It turned
out that the SOT in this configuration is a very energy
efficient way to achieve reversible magnetization switch-
ing and, moreover, to have read and write currents flow
in distinct directions through the device [14–17].
While it is evident from experiments that the SOT
can be used to efficiently reverse the magnetization in
the magnetic layer, its microscopic origin is still to be
fully understood. Two candidates for driving the SOT
have attracted much attention: the spin Hall effect (SHE)
[18, 19] and the spin Rashba-Edelstein Effect (SREE)
[20]. Both effects are caused by the spin-orbit interaction,
either in the bulk of the material or at an interface, yet
their microscopic appearance is drastically different. The
SHE is a nonlocal effect wherein an electrical current gen-
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erates the flow of a transverse spin current to the bound-
ary of the conducting layer (see [21–24]) where it exerts
a torque on the ferromagnetic layer. The SREE con-
versely is a local effect: a nonequilibrium spin-plarization
is generated at a symmetry-broken interface by an elec-
tric current in the presence of Rashba spin-orbit coupling
[25]. Both effects have been discussed in the context of
SOT switching, in some cases the SHE was considered
as the dominant effect [12, 13] whereas in other cases
the focus was on the SREE [10, 11, 14, 26]. In heavy-
metal/ferromagnetic bilayers both effects are expected to
be present simultaneously and will contribute both to the
field-like SOT and damping-like SOT [27–33], yet their
relative contribution remains disputed (see [34] for a re-
cent review). First-principles calculations can provide in-
sight in their detailed microscopic origin and offer a way
to make a quantitatively comparison [27, 32, 33, 35, 36].
In this work, we employ relativistic density functional
theory (DFT) and Kubo linear-response theory to com-
pute the SHE and SREE and their spin accumulations
and compare the sizes of the two effects. We investigate
several realistic metallic bilayer structures in which Pt is
chosen as the HM layer. Specifically, four different sys-
tems are investigated: a pure Pt system and three Pt/3d
metal bilayer systems, where the 3d element is Ni, Co
or Cu. Our atomic-layer resolved calculations show that
both the SREE and SHE are strongly dependent on the
atomic position in the layer. The SHE is maximal in the
bulk-like environment and vanishes towards the surfaces
of the bilayer. The SREE is nonzero at the interfaces,
and unexpectedly, it persists up to 9 atomic layers into
the slab. We compute the spin accumulations due to the
two effects in the bilayers and examine which of the two
effects is dominant and under which conditions.
Methodology. The bilayer structures that are studied
here consist of several atomic Pt layers that are covered
with two atomic layers of the 3d elements Ni, Co or Cu
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2(see Fig. 1(a)). For comparison, we also study the pure
Pt system, where the top two layers consist of Pt. The
nomenclature used in this paper is the following: we de-
note our systems by nPt/2Y where n is the total number
of Pt layers and Y is either Ni, Co, Cu or Pt. The min-
imum total number of Pt layers used in our calculations
is 2 while the maximum is 18. The maximum thickness
achieved is then ∼3.2 nm. The direction normal to the
interfaces is taken as the z axis, which is also the magne-
tization direction for the magnetic systems nPt/2Ni and
nPt/2Co. The electric field is applied in the film plane
along the x axis.
We use linear response theory [27, 29, 30, 37] to com-
pute the SREE and SHE on equal footings. For the SREE
we calculate the nonequilibrium spin angular momentum
induced along the y direction, ∆Sy, and for the SHE the
spin current, J
Sy
z , flowing in the z direction with spin po-
larization along the y axis. Both quantities are induced
by a DC electric field Ex and given by
∆Sy = χ
S
yx Ex , (1)
JSyz = σ
y
zx Ex , (2)
where the response functions are the Rashba-Edelstein
spin susceptibility χSyx and the spin Hall conductivity
σyzx, respectively. Both can be computed from the lin-
ear response expression
A = − ie
me
∫
Ω
dk
Ω
∑
n 6=m
fnk − fmk
~ωnmk
Amnk p
x
nmk
−ωnmk + iτ−1inter
− ie
me
∫
Ω
dk
Ω
∑
n
∂fnk
∂
Annk p
x
nnk
iτ−1intra
.
(3)
Here, A = χSyx or σyzx (see [38, 39]). fnk is the occupation
of Kohn-Sham state |nk〉 with energy nk at wavevector
k, Ω the Brillouin zone volume, pxnmk the pˆx momentum-
operator matrix element, and ~ωnmk = nk− mk. Amnk
stands for a generic matrix element; it is Symnk for the
SREE tensor χSyx, and J
Sy,z
mnk with Jˆ
Sy,z =
Sˆy pˆz+pˆzSˆy
2Vme
for
the spin Hall conductivity σyzx, with V the volume of the
unit cell. Note that we focus here on the nonequilib-
rium spin polarization and do not consider the orbital
Rashba-Edelstein effect [39] or orbital Hall effect [40]. In
our implementation both Symnk and J
Sy,z
mnk are computed
as atom-dependent quantities which allow us to access
the SREE and SHE in a layer-resolved manner. To ob-
tain the SREE induced local magnetization we introduce
δMSREE = 2µB∆S/~ and rewrite δMSREE = χE with χ
given in units of µB/(V/nm). The quantity τ
−1
inter (τ
−1
intra)
in Eq. (3) is the electronic lifetime for inter (intra) band
transitions. We used the values ~τ−1inter = 0.272 eV and
~τ−1intra = 0.220 eV, which have been determined by com-
paring linear response calculations to experimental con-
ductivity data for Pt thin films [38].
To compute the SREE and SHE for the bilayer struc-
tures the following two-step procedure was used. All
FIG. 1. (a) Schematic of a typical bilayer structure studied
in this work. Here 16 layers of Pt heavy metal (HM) are
capped by two layers of Y , where Y is a ferromagnetic (Ni
or Co) or nonmagnetic (Cu or Pt) metal. (b) Atom-resolved
profile of the SREE in the 16Pt/2Y structures with Y = Ni
(red), Cu (blue), Co (green) or Pt (yellow). The current-
induced moment is largest at interfaces and vanishes towards
the center of the slab. (c) Atom-resolved profile of the SHE
in 16Pt/2Y structures. The spin Hall conductivity is largest
in the center of the layer where σyzx approaches the computed
Pt bulk value 1890 ~
e
(Ω cm)−1.
structures were first fully relaxed with the DFT pack-
age SIESTA [41]. The cell parameters and atomic posi-
tions of the pure Pt layers were relaxed until the pressure
reaches values below 0.001 GPa and atomic forces on each
atom are below 0.01 eV/A˚. Then, the cell parameter is
fixed and two layers of 3d elements (Ni, Co or Cu) is
added. The atomic positions are then relaxed using the
same criterion as before [42]. All structures contain 20 A˚
of vacuum to avoid spurious interactions with neighbor-
ing simulation cells. Once the structures are relaxed, the
ground-state Kohn-Sham wavefunctions and energies are
computed using the accurate full-potential, all-electron
code WIEN2k [42, 43]. We then apply the linear re-
sponse formulation on a refined (100× 100× 1 k-points)
grid and compute the SREE susceptibility χ and the SHE
conductance σyzx.
Results. To start with, we consider the thickest struc-
3tures, i.e. 16Pt/2Y , and compute how the layer-resolved
SREE and SHE vary along the z axis, normal to the lay-
ers. The results are shown in Figs. 1(b) for the SREE
and 1(c) for the SHE. Note that the local atom-resolved
concept is crucial for gaining insight in both the SREE
and SHE; in particular, for the SREE summing the indi-
vidual atomic contributions would average out the effect.
Such layer-dependent behavior has also been noted in
other theoretical work [27]. For the SREE the biggest
response is located at the Pt/vacuum interface in all four
systems (Pt plane index 1). Considering the bilayer sys-
tems, we find that the profile of the SREE close to the
Pt/3d interface is drastically modified as compared to
the pure Pt system. Interestingly, the symmetry break-
ing at the Pt/3d interface only enhances the response for
the 16Pt/2Cu system, the responses in the Pt/Ni and
Pt/Co systems is even slightly smaller. The interfacial
Ni and Co atoms nonetheless experience a nonnegligible
induced magnetization that will exert a SOT on the equi-
librium magnetizations in these layers. The observation
that the Pt/vacuum interface exhibits a stronger effect
than the Pt/3d element interface and the 3d/vacuum in-
terface can be explained by the fact that the SREE de-
pends on the local spin-orbit strength of the potential
(∼ ∇V (r)), which is strongest for a Pt/vacuum inter-
face.
Considering the SHE, shown in Fig. 1(c), we observe
that the SHE value depends strongly on which atomic
plane is considered. Looking at the pure Pt system (yel-
low curve), we note that the bulk Pt value of ∼ 1890~e (Ω
cm)−1 of the spin Hall conductivity is reached in the
center of the Pt layers, but σyzx decays within 9 atomic
layers to zero at the vacuum interfaces. This behavior is
notably opposite to the SREE, where the strongest effect
is observed at the interfaces. Yet the SREE also decays
into the film within ∼9 atomic layers. Due to the layer
dependence of σyzx, the spin Hall conductivity averaged
over the Pt layer reaches only ∼ 1400~e (Ω cm)−1, which
represents ∼75% of the bulk value. This reveals that
spin depolarization occurs near the interfaces (as noted
in Refs. [44–47]) and suggests that using the bulk value of
the spin Hall angle for Pt yields a systematic overestima-
tion of the SHE contribution. The presence of 3d metal
layers does not appear to have a significant influence (Ni,
Co), or only a little influence (Cu), on the SHE in Pt.
We now focus our discussion on how the SREE and
SHE of a chosen atomic plane vary as a function of the
thickness of the Pt layer, i.e., consider nPt/2Y with n
going from 2 to 16 by steps of 2. The influence of the Pt
layer thickness on the SREE in the Pt plane directly at
the Pt/3d interface is displayed in Fig. 2(a). Our calcu-
lations show that, for more than ∼10 layers of Pt, there
is no significant influence of the layer thickness on the
SREE anymore for each of the three systems. Past this
threshold, χ saturates to a distinct value for each of the
structures.
Looking at the other side of the interface, i.e., the first
3d-metal layer, there the SREE also saturates for a Pt
FIG. 2. (a) Dependence of the SREE susceptibility of the Pt
layer directly at the Pt/3d (3d = Ni, Cu or Co) interface as a
function of the number of Pt layers n. (b) As (a), but for the
3d layer at the Pt/3d interface. (c) Dependence of the SHE
conductivity at the central Pt atomic layer on the number of
Pt layers n.
layer thickness of around 10 atomic layers. Interestingly,
the nPt/2Ni and nPt/2Cu systems exhibit similar values
and similar trend, but the nPt/2Co bilayer exhibits a four
times smaller response. This emphasizes that the SREE
depends sensitively on details of the electronic structure
at the interface.
For the SHE, the obtained values are also dependent
on the total layer thickness. Considering the value of σyzx
at the center of the Pt layer, see Fig. 2(c), we notice that
the bulk SHE value is reached in the thickest case (16
Pt layers), which is for Pt film thicknesses of around 3
nm. Remarkably, for the pure Pt and 2Pt/2Cu systems,
a sign reversal of the SHE is observed for the thinnest
system (2 Pt layers). The inclusion of a Pt/3d interface
drastically modifies the spin Hall conductivity for thin
4systems, but its influence is strongly reduced when the
number of Pt layers is equal to or greater than 10.
Discussion. We now quantitatively compare the out-
of-equilibrium induced magnetization distributions due
to the SREE and SHE. For the SHE, the spin current
hast to be converted to a spin accumulation profile, M(z).
This can in principle be done by the spin drift model of
Zhang [48]. A more precise way is to compute the spin
accumulation profile by solving numerically the diffusion
equation
∂ρs(r, t)
∂t
=∇ ·
(
D∇ρs(r, t)− σ(z)E
)
− ρs(r, t)
τ
, (4)
where ρs(r, t) is the spin density, D the spin diffusion
constant, σ(z) the 3× 3 spin conductivity tensor, E the
applied electric field and τ the characteristic spin-flip
time. The diffusion constant D is considered constant
throughout the whole layer. We use D = l2s/τ with ls
the spin diffusion length. Since the value of ls for Pt
is found to vary between 1 nm and 11 nm in the lit-
erature [38, 45, 49–52] we treat it as a parameter, and
analyze the influence of ls on the spin accumulation. For
τ we use the value of 15 fs, as reported in Ref. [53]. In
the stationary regime the solution is obtained by setting
the time derivative in Eq. (4) to zero. The equation is
then solved using the finite-difference approach with ap-
propriate boundary conditions (no flow of spins normal
to the surfaces). After that, we can convert the SHE
induced magnetization accumulation for a given E field
into a SREE equivalent susceptibility, which we call Λ,
i.e., δMSHE = ΛE. In this way the comparison between
SREE and SHE becomes field-free.
In Fig. 3(a) we plot the SHE and SREE induced mag-
netization profiles (given as the equivalent χ and Λ sus-
ceptibilities) for the pure Pt system of various thicknesses
(6Pt, 10Pt, 14Pt, and 18Pt). Here, several important ob-
servations can be made. First, we notice that for all the
considered systems, the SREE and SHE induce a mag-
netization on the first/last atomic layer of the Pt film in
the same direction and of the same order of magnitude.
Short spin diffusion lengths lead to a larger SHE induced
magnetization, because the spin polarization stays more
in the region where it is generated. Also, we note that
the dependence on the spin diffusion length is not simply
linear. We do not show here results for large ls, as these
will be given below. Second, depending on the thickness
of the layer, the relative importance of the SREE against
the SHE changes, with the SREE being more important
for thin films and the SHE dominating for thick films.
We can quantify the relative importance of the SHE to
the SREE by introducing a weight
WSHE =
δMSHE
δMSHE + δMSREE
, (5)
where δMSHE (δMSREE) is the out-of-equilibrium mag-
netization on the last atomic Pt layer due to the SHE
(SREE). Alternatively, we can sum the induced magne-
tizations over several atomic layers (as discussed below).
FIG. 3. (a) Calculated electric field induced magnetization
profiles for pure Pt films due to the SREE (χ, red) and the
SHE with ls = 1 nm and 2 nm (Λ, blue curves) for 6Pt, 10Pt,
14Pt and 18Pt systems. (b) Calculated weight W in percent
of the SHE to the total induced magnetization of the first/last
Pt layer as a function of the Pt thickness using ls = 1 nm and
2 nm. For both cases, the SREE dominates for thin Pt films
while the SHE gives the main contribution for thicker films.
The thickness dependence of the weight on the last
Pt atomic layer is shown in Fig. 3(b). We can recognize
that the relative importance of the SHE over the SREE is
somewhat different for ls = 1 nm and for ls = 2 nm, how-
ever, the overall trend with Pt layer thickness is similar.
In particular, the SREE dominates over the SHE in the
thin film regime. This can be qualitatively understood:
if the layer is too thin, the diffusion of spins becomes
less efficient as the two boundaries are too close and
the spin polarizations at the interfaces cancel each other,
whereas the SREE is less thickness-dependent. Regard-
ing the spin diffusion length ls, we see that the smaller
ls, the more efficient the SHE becomes, suggesting that
the SREE plays an important role particularly in thin Pt
systems with larger spin diffusion length.
Next, we make a quantitative comparison of the SREE
and SHE for ls between 0.5 and 10 nm. In Fig. 4(a) we
plot the weight WSHE on the last Pt layer at the Pt/
vacuum interface as function of Pt layer thickness and of
ls. In Fig. 4(b) we plot the SHE weight of the summed
magnetizations, summed over the atomic layers up to the
5FIG. 4. (a) Spin Hall effect weight WSHE at the Pt/vacuum
interface of a Pt film as function of film thickness and spin
diffusion length ls. The weight (in %) is depicted by the color
code. (b) SHE weight of the induced magnetizations summed
to middle of the Pt film. The 50% isoline depicts equal mag-
nitudes of the SHE and SREE induced magnetizations.
middle of the Pt layer (where Λ and χ become zero). The
calculations reveal that the induced magnetization due
to the SHE dominates for thicker Pt films and for short
spin diffusion lengths (typically < 3 nm). The SREE
becomes dominant for thinner Pt films and longer spin
diffusion lengths. Considering not only the last Pt layer,
but summing the induced moments over the atomic layers
up to the middle of the Pt film, provides a similar picture,
with a somewhat stronger dominance of the SHE. This
observation is consistent with the understanding that the
SHE becomes more important for bulk-like films, whereas
the SREE will dominate in thin Pt films.
As final step, we compute the SHE weight at the Pt/3d
side of the bilayers. The spin diffusion length in the 3d
layer can differ from that in the Pt layer; published values
for Ni and Co films fall in a wide range, roughly between
3 and 30 nm [54]. We therefore compute the SHE weights
for these two extremal cases. We find that the weights do
not depend much on the 3d spin diffusion length. Also,
the computed SHE weights at the first 3d layer and the
weights of the magnetizations summed over the 3d layers
up to the middle of the Pt layer are very similar, as is
seen, too, in Fig. 4 for the Pt/vacuum interface. We
show therefore in Fig. 5 the computed weights for the
summed magnetizations on the 3d side, for the Pt/Ni
and Pt/Co bilayers (using ls(3d) = 3 nm). We find that
FIG. 5. SHE weight WSHE of Pt/3d bilayers as function of
Pt layer thickness and Pt spin diffusion length. The weight is
for induced magnetizations summed to the middle of the Pt
film. (a) For the Pt/Ni bilayers, and (b) for Pt/Co bilayers.
the SHE weights at the Pt/3d interface are very similar to
those at the Pt/vacuum interface, and without significant
dependence on the 3d element. Consequently, we obtain
that the SHE dominates for Pt/3d bilayers with thicker
Pt layer and short Pt spin diffusion lengths.
Conclusions. We have computed the SREE and SHE
on equal footing using linear-response theory and rela-
tivistic DFT. Our layer-specific calculations show that
both the SREE and SHE are highly dependent on the
position of the atomic layer in the slab. The SREE is
not only nonzero at the symmetry-broken interface, but
it exists for up to 9 atomic layers near the interface. Con-
versely, the SHE is strongest in the bulk-like center of the
Pt/3d bilayers and pure Pt layer, but the layer-specific
spin Hall conductance drops to practically zero at the
vacuum interfaces. Computing the induced nonequilib-
rium magnetizations due to both the SREE and SHE we
find that these two different spin-orbit based effects do
not work against each other, but, importantly, enhance
each other. The SREE and SHE induced local mag-
netizations are approximately of the same magnitude,
e.g. when the spin diffusion length is comparable to the
Pt film thickness. Therefore, both effects should always
be considered together when analyzing current induced
spin polarization in heavy-metal/ferromagnetic bilayers.
Lastly, we identify two regimes where either the SREE or
SHE dominates: for very thin Pt films (typically < 2 nm)
and long Pt spin diffusion lengths (ls ≥ 3 nm), the SREE
6dominates, while the SHE gives the larger contribution
to the induced local magnetization for thicker films and
short spin diffusion lengths.
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